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ABSTRACT

Nuclear magnetic resonance (NMR) offers a non-destructive, powerful, structure-specific
analytical method for the identification of chemical and biological systems. The use of radio
frequency (RF) microcoils has been shown to increase the sensitivity in mass limited samples.
Recent advances in micro-receiver technology have further demonstrated a substantial increase
in mass sensitivity [1]. Lithographic methods for producing solenoid microcoils possess a level
of flexibility and reproducibility that exceeds previous production methods, such as hand
winding microcoils. This paper presents electrical characterizations of RF microcoils produced
by a unique laser lithography system that can pattern three dimensional surfaces and compares
calculated and experimental results to those for wire wound RF microcoils. We show that
existing optimization conditions for RF coil design still hold true for RF microcoils produced by
lithography. Current lithographic microcoils show somewhat inferior performance to wire wound
RF microcoils due to limitations in the existing electroplating technique. In principle, however,
when the pitch of the RF microcoil is less than 100 um lithographic coils should show
comparable performance to wire wound coils. In the cases of larger pitch, wire cross sections can
be significantly larger and resistances lower than microfabricated conductors.
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INTRODUCTION

Nuclear magnetic resonance (NMR) is a powerful analytical tool, known for its ability to
identify chemical and biological signatures. It is, however, also known for its relative lack of
sensitivity, as only a small percentage of the spins in the sample contribute to the signal. These
sensitivity restrictions have limited the use of NMR for studies of mass-limited samples.
Numerous strategies over the years have been investigated to increase sensitivity of the NMR
experiment. One of the oldest strategies is to introduce successively stronger magnetic fields, as
the sensitivity depends on the magnetic field. This solution, unfortunately, couples highly
sensitive NMR studies to large, heavy and expensive hardware that can limit versatility and
portability. Fortunately the sensitivity also depends on the magnitude of the radio frequency (RF)
field per unit current, which has prompted parametric studies of both typical and atypical RF coil
designs used in magnetic resonance [2-11]. These studies have led to the development of so-
called microcoils (typically, coils with outer diameters of less than 1 mm) for increasing NMR

sensitivity when volume limited samples may be used [1, 12-18].

The first microcoils were produced via hand winding solenoid coils with small gauge
copper wire, though in recent years a number of alternate fabrication methods have been
introduced, including lithographic production, some of which are described in references [19-
37]. For example, techniques for planar NMR microcoil fabrication [19, 22, 29-31] have been
used extensively, drawing on fabrication techniques of microelectronic and micro mechanical
devices, such as lithography, electroplating and molding [19, 29-33]. However, these coils
typically have magnetic field inhomogeneities and susceptibility effects, and are not always

optimally shaped to maximize the filling factor. The result is a less than optimal signal-to-noise
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ratio (SNR) of the NMR measurement. The use of solenoids over other coil geometries is the
typical approach for alleviating some of these problems and achieving optimal sensitivity.
Recent methods have been reported for producing three dimensional shapes such as micro
solenoids or even saddle coil forms, including focused ion beam sputtering [34, 35], micro

contact printing using elastomeric stamps [13, 14], and 3D laser pantography [36, 37].

Several studies have explored the sensitivity of micro and standard RF receiver coils [2,
16, 30]. Optimizing the SNR for a given system corresponds to producing a strong B; field, per
unit current. The electromotive force (dS) induced in a coil loop by a sample of volume fraction

(dV), with magnetization perpendicular to the static field (Myy) is given by Equation 1.
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In addition, the coil’s Johnson or thermal rms noise (N) is dominated by the coil resistance (R),
where k is Boltzman's constant, T is the absolute temperature, and Dn is the frequency bandwidth

of interest as shown in Equation 2.

N=,4kT RDv 2

Field strength and coil resistance cannot be altered independently and thus optimizing the
SNR can be complicated. Consequently coil design parameters need to be carefully considered.
For the case of a solenoid used as the receiver of the NMR signal [2], increasing the number of
turns in the coil increases the B; field strength, though it also increases the resistance of the coil.
Several studies, calculations, and empirical formulas have been reported for solenoids as a
function of various parameters, including optimizing the quality factor of the RF coils with the

aim of maximizing the inductance-to-resistance ratio at the frequency of interest [2-9]. Coils in



those studies had dimensions one to two orders of magnitude larger than microcoil dimensions

and only treated round cross-section wire conductors.

There exists a continuing need to produce RF microcoils with a variety of techniques and
a variety of coil shapes. Developing an understanding of the electrical properties of RF
microcoils is critical to understanding how to improve their performance, which is inextricably
linked to increasing the coil SNR inherently measured in all NMR experiments. The main
determinant of SNR in a well-constructed system is the quality factor of the coil, the ratio of flux
through the sample per unit current to the square root of the resistance of the coil. A detailed
understanding of performance tradeoffs with respect to various coil parameters already
established with wire wound coils is not necessarily expected to directly translate to lithographic

coils due to the increased flexibility of this alternate fabrication technique.

In this work, we compare performance of micro solenoid coil designs by varying such
parameters as number of turns, metal deposition thickness (wire thickness), wire width, winding
pitch, and solenoid diameter. In addition, computational methods are used to validate resistivity
measurements on a variety of laser lithographically fabricated micro solenoids. We examine the
electrical properties of the microcoils, including inductance (L), resistance (R), and quality factor
(Q). By altering the coil dimensions, we change the inductance and ultimately affect the
resistance and quality factor. Through this examination, we confirm optimal parameters similar
to those seen in standard solenoid coils. Finally we compare performance of the lithographically

produced microcoils to wire wound microcoils of similar geometries.



EXPERIMENTAL

Wire wound and laser lithography coil fabrication

Wire wound solenoid microcoils are being widely used in NMR as they are inexpensive,
accessible, and they increase the filling factor and thus the SNR in volume limited samples.
Several wire wound approaches have been published [19, 22, 29-31]. We used a motor-

controlled micro mill system to hand wind microcoils.

The lithographic microcoil fabrication technique based on a three dimensional (3D) laser
exposure method has been previously described in detail [36, 37]. This 3D lithographic
technique, which can be applied to a variety of applications, is briefly explained here in the
context of microcoils. Initially, a glass capillary or other substrate is sputtered with a seed copper
layer. An electrophoretic photoresist is then electroplated and the 3D microcoil pattern is formed
by exposing the photoresist with a laser. The exposed photoresist is chemically removed to
reveal the copper seed layer. Copper is electroplated into the exposed areas creating the
microcoil. The remaining photoresist and coinciding seed layer are chemically removed leaving
only the coil patterned directly on the capillary. This technique is highly reproducible and
versatile, allowing for the fabrication of complex geometries. Fabrication versatility permits
individual coil parameter optimization based on calculated and measured electrical microcoil

characteristics and is crucial to the SNR optimization for NMR applications.

Figure 1 shows photographs of solenoids produced with microlithography. All of the
depicted microcoils were fabricated on glass capillary tubes coated with a thin layer of polyimide

for ruggedness.



Electrical characterization and Modeling

A Hewlett Packard 4191A RF impedance analyzer and an Agilent 16092A spring clip
fixture were used to perform the measurements of the coil properties. Dimensions were measured
by optical microscopy and a mechanical displacement gauge. The resistivity of a thin film of
electroplated copper on a planar surface was measured using a calibrated 4-point probe as 1.89
pHQ-cm, compared to the handbook value of 1.72Qu -cm for bulk copper. The resistivity of
electroplated traces on highly curved surfaces and small lateral geometries may not duplicate the
planar thin film value due to the dynamics of the electroplating process. For this reason, the
resistance of fabricated coils were measured by running a known current through the trace and
measuring the voltage with a precision voltage output module. The resistivity of thin coils was
found to be close to the value measured on planar films up to a coil trace thickness of 15 pum but
then increased with trace thickness. By optimizing the plating process for thicker traces, via
fabrication technique improvements, it should be possible to achieve the resistivity of the thinner

traces.

Two-dimensional simulations of current distributions in RF coils were run on Ansoft’s
Maxwell 2D eddy current solver. Coil dimension parameters were input to the simulator.
Conductivity was either that of bulk copper for simulations of wire wound coils or 1.89 pQ-cm
for the simulations of the electroplated coils. An RF frequency of 82.7 MHz was used; this
frequency was chosen as it reflects the *H Frequency of a 1.94 Tesla magnet used in a portable
NMR system developed at Lawrence Livermore National Laboratory [38]. The postprocessor of
the code calculated power dissipation per meter for each conductor cross-section from which the

total power dissipation and resistance were calculated.



RESULTS AND DISCUSSION

Modeling

For a solenoid, Hoult [2] has shown that the Q factor is a direct measure of the SNR*
because a solenoid is a closed geometry, the inductance is proportional to the B; produced away
from the wire, which is the location of the sample. To optimize the geometry of a solenoid RF
coil, one must increase the Q factor by varying the dimensional parameters of the RF coil. In
Hoult’s paper [2], a chart for calculating the Q factor as a function of frequency and various
numbers of turns is given to find the optimal design characteristics of an RF coil. For a coil
whose length is slightly smaller than its diameter Hoult found that the optimal Q factor is
achieved when the separation between wires is about 3-4 times the radius of the wire. Optimal
separation of wires for a wide variety of length to diameter ratios are discussed in the literature,
see Medhurst and references cited therein [8, 9]. Hoult also found that for a constant length-to-
diameter ratio the sensitivity increases as the diameter increases. To characterize our
microfabricated coils we constructed a matrix where specific microcoil parameters were varied,

while the remaining parameters were kept constant.

2D numerical simulations were used to calculate the alternating current resistance (Rac)
at a frequency of 82.7 MHz for solenoid geometries as shown in Figure 2A. The specific coil
parameters were changed to probe specific trends that might be expected to affect performance.
In a simple analytical model of conduction of AC current in a straight wire the current is
considered to flow in a surface layer one skin depth thick, as long as the diameter of a round wire

or the smallest dimension of a rectangular wire, is more than two skin depths thick. For a helical

' SNR is proportional to (Q)“2.



coil, this intuitive approximation is problematic because the presence of fields from neighboring
turns in the coil alters the current distribution in a given turn. In general, the proximity effect
reduces the effective current-carrying cross sectional area of the coil and increases its resistance
compared to a straight wire. This “current crowding” increases the resistance of a coil compared
to the same length of straight conductor. This is illustrated in Figure 3 for a 10 turn, 40 um pitch,
410 pum inner diameter coil at 82.7 MHz. The cross-sectional current distribution for the
outermost helical turn is compared to a center turn of the helix. In both cases, the current
‘crowds’ the area of the conductor nearest the center of the coil. The effect is more pronounced
for more tightly wound coils. Indeed, it has long been recognized that there is an optimal pitch to
wire diameter ratio that maximizes the Q of a coil. For a given number of turns, too large a pitch

decreases L and thus reduces Q while too small a pitch increases R and again reduces Q [4-7].

The inductance, direct current resistances (Rpc), and quality factor at 82.7 MHz were
calculated using Equation 3-5, while Rac is determined from 2D numerical simulations.
Equation 3 assumes Wheeler’s approximation estimated to be correct within 1% for coils with
h/d > 0.4; P, = 4n x10”" H/m permeability of air, L is in Henry’s, average coil radius (r) and axial
coil length (h) are in meters [39]. These characteristics were calculated as a function of the
parameters that can be controlled in the microcoil fabrication process: number of turns (n),
winding width (ww), winding thickness (wt), winding pitch (wp), axial coil length (h = turns x
wp + ww), and average coil diameter (d = ID + wt). A number of coils were simulated; results of

these calculations are reported in Table 1.
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In the first set of coils in Table 1, the pitch was varied by increasing n while holding h/d
constant. The optimal Q found for an h/d of ~1.5 corresponds to a pitch that is in the range of ~
30um. To compare this result with previous findings for round wire coils, we must define the
‘radius’ of a rectangular cross-sectional wire; our cross-sectional wire dimensions for Table 1 are

20pm x 25um (wt x ww), resulting in a smallest ‘radial’ dimension of 10um (ww/2) or largest

2 2
‘radial’ dimension of ~16um (J(%) + (M) ) The optimal Q found for a ~1.5 h/d coil is

2

~30um, yielding a spacing ratio of ~0.67 to ~0.83 (smallest to largest ‘radial’ diameter
respectively). This result is consistent with Medhurst’s findings that the optimal Q for a 1.5 h/d
coil is obtained for a spacing ratio of ~0.65, where spacing ratio is defined as wire diameter
divided by winding pitch [8, 9]. In addition, Hoult found the optimal Q is obtained for a pitch
~3-4 times the wire radius, our results are again consistent when the smallest ‘radial’ dimension

is used [2].

In the second group of coils (Table 1), Q is shown to improve by increasing d while
keeping n, ww, and wp constant. This reflects the fact that inductance increases faster than

resistance as diameter is increased. Inductance is proportional to the volume enclosed by the coil
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while resistance increases only as the length of the wire which is linearly proportional to
diameter of the coil. The third group of coils illustrates how Q can be improved by increasing n
while holding d constant. This occurs because L in an ideal solenoid increases quadratically with
n; thus again for this situation, L is seen to increase faster than R. In the fourth coil group wp and
h are increased approximately linearly and better Q factors are observed for smaller h/d. By
increasing wp and h linearly, L dependence is also approximately linear (straight wire

dependence) versus the quadratic dependence seen for coil group three.

Electrical characterization

As mentioned above, the microfabrication afforded by the 3D laser pantography methods
allows for precise and flexible control over several parameters in microcoil construction. As the
coil parameters are varied, the electronic character of the lithographically produced coils is also
expected to vary according to the calculations in Table 1. To validate the theoretical results, a

series of microcoils were fabricated and their electrical characteristics were measured.

Figure 4 shows plots of R and Q measurements as a function of frequency for
lithographically produced microcoils of 410um coil ID at various thicknesses. As the thickness
of the deposited copper is increased, the R of the coil decreases while keeping the inductance,
typically independent of wire thickness, constant. Decreasing R while holding L constant
increases Q. The most desirable coil characteristics were observed in the coil with maximum
deposited wire thickness of 20um, thicker traces may be possible by further optimizing the
fabrication technique. Note that the improvement in the R and Q is more dramatic for thicknesses
closer to the skin depth (7.6um at 82.7 MHz) versus thicknesses much greater than the skin
depth, compare R and Q improvement between 3, 7.5, and 16um to improvement between 16

11



and 20pum. Given this, the optimal thickness at the working frequency of 82.7 MHz is not
expected to be much larger than 20um. Table 2 shows direct comparisons of experimentally
measured coil performance parameters (Rac, L, and Q) to calculated results for the same coil
dimensions. Individual coil values depend on coil dimension parameters as expected, Table 2
illustrates agreement between measurements and calculations of Rac, L, and Q values. For
experimental measurements, it was necessary to add the following modifications (Figure 2B) to
the theoretical coil (Figure 2A) to facilitate a good electrical interface between the coil and
experimental test fixture. On either side of the coil a 1mm long, 100 um wide strait wire trace
connects the coil to Imm wide circular collar, both traces and collars are electroplated at the
same time as the coil and are thus the same copper thickness. Copper leads (1mm wide, 50.8 um
thick) are then soldered to the collars and extensions of the leads are clamped in the test fixture.
Calculations for Table 2 were preformed as described above (see Table 1 discussion);
however the calculation must now take into account the coil plus effects from the traces, collars,
and leads in-order to compare with experiments. For the calculation, eddy current effects from
the coil windings on the AC resistance of the strait wire traces are considered to be negligible
because the traces are long and eddy currents could only effect a small portion of the traces
nearest the coil. Similarly, the eddy current effects from the strait traces on the coil are
negligible, because the magnetic field generated by the traces does not impinge on the coil.
Formulas for the AC resistance and the inductance of the strait line traces are shown by
equations 6 and 7. In the inductance calculation the eddy current effects slightly displace the
centroid of current flow a small fraction of the thickness of the line (as seen in cross sectional
current distribution Figures 3) and therefore changes the effective diameter of the coil for the

inductance. Line thickness is only a small fraction of the capillary diameter, so the eddy current
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effects the inductance only a small amount (<< 4% in most cases). In particular, the eddy current
effects the inductance less than the error in our measurement.

The effects of adding straight conductors have been widely discussed in the literature,
and the inductance and resistance of straight wire can be easily calculated [40]. Using Equation
6, an inductance of 1.34nH per trace pair is expected, which is ~16% of the total calculated
inductance for the smallest coil with leads; inductance due to the trace pair is a much smaller
percentage for larger coils. Equation 7 gives the resistance of the straight line traces. Using the
simple analytical model mentioned above in which AC current is considered to flow in a surface
layer one skin depth thick, the resistance from the traces is a small but non-negligible fraction of
the calculated resistance of the smallest coil with leads. The calculated inductance and resistance
of the collars and leads is negligible due to the large width and thickness dimensions. Though the
resistance of the collars and leads can be ignored, some small parasitic inductances are
anticipated and may attribute to some of the error between the experimental data and the
calculations (see Table 2). In Equations 6 and 7 for strait line traces, L is the inductance (uH), R
the resistance (Q2), b is the length, w is the width, h is the thickness, and 9 is the skin depth (b, w,

h, 6 are in inches or um for Equations 6 or 7 respectively).

= 000508 1b5InE 2004 0.5+ 02035 W+ M)l 8
§€ ewthyg e b g
0.0325*b

" 20(h+w) - 4d?
Table 2 results show the mean of the ratio of simulated to measured inductances is 84%
with a standard deviation of 12% at a frequency of 82.7 MHz. Estimated resistances are 99% of
measured resistance at a frequency of 82.7 MHz with a standard deviation of 13%. The average

of the ratios of experimental to simulation derived quality factors is 83% with a standard
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deviation of 16%. In all cases, the calculated parameters will depend on the accuracy of the coil
dimension measurements input into the simulation and the homogeneity of those dimensions
within each coil. There is an uncertainty £1mm in the optical measurement of dimensions of the
traces. This uncertainty would suggest that the calculations have a random error of +5-10% of
the measured parameters. Similarly, experimental measurement sources of random error
variances are expected on the order £5-10%, i.e. multiple measurements of the same coil show a
standard deviation £8% in the worst case (for smallest L and R, therefore introducing the largest
contribution of parasitics). Given these sources of uncertainty, the calculated and measured

values are in strong agreement.

Comparison of lithographic and wire wound coils

The properties of lithographically produced coils are compared to wire wound coils of
similar geometries, i.e. average diameter, coil length, number of turns, and wire thickness. For
lithographically produced microcoils, the thickness of electroplated traces is limited by the
thickness of photoresist that can be plated. Traces up to 30 um have been fabricated but 20 pum is
more practical with the current method. A lithographic trace can be of any width smaller than the
coil pitch minus about 20um and must be greater than the resist thickness. Commercial wire
diameters of 25.4, 50.8 and 101.6 pm are used for comparison. Since these wires are coated with
a very thin insulator they can have a minimum pitch only slightly larger than the copper

diameter.

Three sets of coils are shown in Table 3 and each compares lithographic with wire wound

designs. Conductor widths of lithographic designs were maximized to provide close to the best

14



performance with this technology. The first set of coils have a pitch of 120 um. In this case, the
standard commercial wire up to 101.6 um diameter can be used and lithographic trace widths up
to 100 pum are possible. In the best case, the wire wound coil (1.5) has a Q factor 1.49 times
higher than a similar lithographically produced microcoil (1.2). However, it is interesting to note
that the round wire has 4 times the cross-sectional area of the lithographically produced trace.
Clearly the current carrying area in the wire is only a small fraction of the wire cross section at a
frequency of 82.7 MHz. This is verified in simulations shown in Figure 3 (rectangular cross
sectional area) and Figure 5 (round cross sectional area). The same lithographically produced
microcoil (1.2) has a comparable Q-factor and cross sectional area to the 50.8 um wire coil (1.4)

and about twice the Q-factor of the 25.4 um wire coil (1.3).

The second set of designs shown in Table 3 use a 60 um pitch. The maximum wire
diameter of 50.8 um for a wire wound microcoil (2.3) produces a 1.25 times higher Q-factor
than the 40 um wide lithographically produced microcoil (2.1). This difference is primarily due
to the cross sectional area of the wire wound microcoil compared to the lithographically
produced microcoil which is ~2.53 times greater for the wire wound coil. For a pitch of 40 pm,
the 25.4 um wire for the wire wound microcoil (3.3) exhibits a Q-factor comparable to the
lithographically produced microcoils (3.1 and 3.2), with the hand wound coils showing only a

slight advantage of 4-6% over the lithographic microcoils..

To further compare lithographic coil and wire wound coil performance the same probe
and tuning electronics were used while exchanging only the coil. The lithographic coil has
dimensions (410um ID, 25um ww, 20um wt, 65 pum wp, 50 turns). The wire wound coil has

dimensions (410um ID, 50.8 um wire diameter, 75 pum wp, 50 turns). Experimental measure of
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Q shows the wire wound coil performance to exceed that of the lithographic coil by ~1.23 times,
but the wire wound cross sectional area also exceeds that of the lithographic coil by ~4 times.
These measurements are in line with calculations show in Table 3 and with test fixture
experimental comparisons to calculations shown in Table 2. This consistency verifies that the
coil performance in the test fixture experiments mimic that of coil performance in an NMR probe

and further validates calculations.

For pitches smaller than about 25.4 um, commercial wire does not exist and handling and
wire winding becomes exceptionally difficult. Thus, an exact comparison between a wire wound
microcoil and a lithographically produced microcoil becomes academic. For the same reason, we
have limited the forgoing discussion to 20 um thick electroplated copper. Thicker copper would
reverse the performance advantage of the wire wound coil at 340 um pitch. In principle,
producing microcoils with greater thickness is possible and would increase their performance to
a limit that is similar to the wire wound microcoils. Yet, to achieve comparable performance, the

electroplating technique must be improved to provide thicker 3D deposition layers in practice.

Performance differences are mainly associated with the different geometrical
characteristics of the lithography and wire wound coils (i.e. rectangular versus circular cross
sections). The current density results shown in Figure 3 and 5, illustrate how the effective current
path in central turns of a lithographically produced microcoil is closer to a rectangular shape. For
small diameters and winding pitch, typical of small microcoils, lithography can produce more
efficiently packed designs, than the standard circular cross section wire winding can produce. It
may be advantageous to use target field techniques to optimize wire deposition patterns to match

a desired current density for the production of an optimal RF field. Finally, if one is working
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with larger diameter coils and pitch, larger diameter wires can be used, thus the benefits of using

lithography coils are diminished.

CONCLUSIONS

The benefits of employing microcoils are well established, allowing NMR measurements of
mass limited samples due to the increased SNR. This technology also allows high resolution MR
measurements in portable systems due to the low RF power requirements and concentration of
the signal in small regions therefore sampling smaller static magnetic field inhomogeneities [38].
We have shown a robust, true three-dimensional microcoil fabrication technique; this technique
produces microcoils with inductances of several tens of nH, which makes them very compelling
for use in NMR probes. Laser lithography also allows for variation of several different
parameters so that the electrical properties of the coils are optimized and optimal coil geometries
can be consistently reproduced for practical applications. For the solenoid case, the quality factor
can be optimized when the thickness of the deposited copper and the number and spacing of
turns is increased, and when the diameter and length of the coil are optimized for the frequency
of interest so that proximity effects are minimized. The rules of thumb previously published for
large, round cross section solenoid coils are shown to apply to micro-scale, rectangular cross
section solenoids.

We have manufactured, measured, calculated, and for AC resistance, simulated the
behavior of a series of microcoils. The electrical properties were varied by altering the coil
dimensions and results show simulations and calculations are in good agreements with
experiments, thus validating calculation accuracy. Results comparing lithographic to wire wound

microcoils show that the smallest lithographic coils (20 um winding thickness) perform nearest
17



the level of their wire wound counterparts (25.4 um wire diameter). The remaining performance
disadvantage can largely be accounted for by limitations in the electroplating technique that
currently prevents electroplating of thicker coils. Work is in progress to address this

technological challenge and fabricate thicker three-dimensional microcoils.
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LIST OF FIGURES

Figure 1. Photographs of lithographically produced microcoils: (A) A microcoil next to a coin
for reference. 200 pum (B), 150 um (C), and 100 um (D) inner diameter coils. The horizontal
black lines are approximately 100mm distance apart.

Figure 2. Schematic of a solenoid coil of average diameter d, axial length h, winding width ww,
winding thickness wt, and winding spacing wp. Coil schematic (A) shows theoretical coil used in
calculations for Table 1 & 3. Coil schematic (B) introduces lithographically patterned trace and
collar necessary for coil attachment to test fixture or probe, Table 2 calculations are compared to
experiments and thus account for the trace and collar additions.

Figure 3. Calculation result showing the current density for an end turn and central wire in a 10
turn lithographically produced solenoid, with square wire cross section. The wire is 19 pum high,
22 um wide, with a pitch spacing of 40 um. The skin depth at this 82.7MHz frequency is about 7

pm.

Figure 4. Resistance and quality factor as a function of frequency, for lithographically produced
microcoils of 410 um inner diameter and various thicknesses.

Figure 5. Calculation result showing the current density for an end turn and central wire in a 10
turn, 60 micron pitch, wire wound solenoid with circular wire cross section and 50.8 pum wire
diameter.
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LIST OF TABLES

Table 1. Calculation matrix illustrating how lithographic coil dimension parameters effect
resistances (Rpc and Rac), inductance (L) and coil quality factor (Q), note Q is unitless. All
calculations assume a coil winding thickness (wt) of 20um and winding width (ww) of 25um.
The coil inner diameter (ID) refers to the capillary OD that would be used to fabricate these
coils. Within each coil group a main parameter is varied, while the rest are kept approximately
constant. Coil group 1: coil average diameter (d = ID + wt) and axial length (h) to diameter ratio
(h/d) are kept constant, while the number of turns (n) is varied by varying the winding pitch
(wp). Coil group 2: h/d is changed by varying d, while n and wp are kept constant. Coil group 3:
d and wp are kept constant, while the h/d changes according to n. Coil group 4: d and n are kept
constant, while the h/d changes approximately linearly with wp.

Table 2. Comparison of calculated and measured Rac, L, and Q values for a variety of
lithographic electroplated coils. The calculated Rac is 99% of the measured Rac on average with
a standard deviation of 13%. The calculated L is 84% of the measured one on average with a
standard deviation of 12%. Measurement errors and calculation details are discussed in the text.

Table 3. Calculated comparison of practical coil designs for wire wound and
lithography/electroplated technologies. Resistivity of wire coils is assumed to be the bulk value
of 1.73 pQ-cm and 1.89 pQ-cm for the electroplated traces. All coils have an ID of 410 pum. The
most accurate comparison between the wire wound and lithographically produced coils is
obtained when the respective round and rectangular cross sectional areas are of equal value.
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Tablel

Winding

Axial

roupt qum | (| PICh (1| GG | e
11 410 5 120 625 | 149 | 025 0.30 5.32 9.29
12 410 | 11 55 630 | 1.50 | 0.55 0.72 25.60 | 18.35
13 410 | 14 43 627 | 1.49 | 0.70 101 4161 | 21.35
14 410 | 20 30 625 | 1.49 | 1.00 1.85 85.13 | 23.86
15 410 | 22 27 619 | 147 | 1.10 2.28 103.77 | 23.63
16 410 | 23 26 623 | 148 | 115 2.50 112.87 | 23.47
21 235| 10 60 625 | 255 | 0.29 0.38 8.03 10.92
2.2 410 | 10 60 625 | 149 | 050 0.64 21.28 | 17.17
2.3 1000| 10 60 625 | 062 | 1.20 156 92.42 | 30.80
3.1 410 | 10 40 425 | 1.01 | 0.50 0.74 28.17 | 19.82
3.2 410 | 15 40 625 | 149 | 0.75 1.13 47.89 | 22.02
3.3 410 | 20 40 825 | 196 | 1.00 1.52 68.41 | 23.43
34 410 | 50 40 2025 | 482 | 249 3.97 196.27 | 25.69
4.1 410 | 15 50 775 | 1.85 | 0.75 1.03 4047 | 20.35
4.2 410 | 15 60 925 | 220 | 0.75 0.98 35.04 | 18.56
4.3 410 | 15 70 1075 | 256 | 0.75 0.96 30.90 | 16.74




RF coil Parameters

82.7 MHz Calculations

82.7 MHz Measurements

Ratio of Calculated to
measured values at

82.7MHz
Winding | Winding | Winding | Axid
(Li) Tt’r:)”s thickness | width pitchg length ?8; (n;) Q ?83? (n;) Q R L Q
(nm) (nm) (m) | (nmm)
410 | 5 30 28 120 | 628 | 042 | 823 | 1025 | 042 | 1263 | 1558 | 099 | 065 | 066
410 | 5 16 15 120 | 615 | 087 | 816 | 489 | 090 | 1377 | 790 | 096 | 059 | 062
410 | 8 30 30 75 | 630 | 060 | 1664 | 1435 | 0.72 | 2215 | 1590 | 084 | 075 | 0.90
410 | 11 16 18 55 | 623 | 155 | 2841 | 955 | 135 | 3573 | 1380 | 115 | 080 | 0.69
410 | 14 15 17 43 | 619 | 210 | 4440 | 1096 | 248 | 5378 | 1127 | 085 | 083 | 097
235 | 10 20 18 60 | 618 | 078 | 1092 | 7.30 | 065 | 1506 | 1210 | 1.20 | 073 | 0.60
1000 | 10 20 27 60 | 627 | 206 | 9507 | 2401 | 230 | 10854 | 2460 | 089 | 088 | 098
410 | 10 19 22 40 | 422 | 108 | 3106 | 1491 | 120 | 3741 | 1615 | 090 | 083 | 092
410 | 10 20 25 40 | 425 | 095 | 3098 | 1699 | 102 | 3773 | 1920 | 093 | 082 | 088
410 | 10 20 19 60 | 619 | 123 | 2425 | 1021 | 104 | 2433 | 1213 | 119 | 100 | 0.84
1000 | 10 20 50 150 | 1550 | 1.13 | 5280 | 2425 | 115 | 5005 | 2270 | 098 | 105 | 1.07

Table?2




: Cross-
G Fabrication __wire sectional
roup.# . turns | diameter or | wt (um) wp (UM) | Rac (€2) | Lot (NH) | Qcoil

technique area

wWw (Um) 2

(Um?)
1.1 Liiregres 5 60 20 1200 120 0.17 5.32 16.38
12 5 100 20 2000 120 0.13 5.08 20.51
13 5 25.4 25.4 507 120 0.27 5.67 10.55
14 HW 5 50.8 50.8 2027 120 0.14 6.07 22.52
15 5 101.6 101.6 8107 120 0.11 6.89 30.59
21 Lithography | 10 40 20 800 60 0.53 21.79 21.35
22 10 25.4 254 507 60 0.62 22.67 18.91

HW
23 10 50.8 50.8 2027 60 0.47 24.30 26.74
31 . 10 25 20 500 40 0.75 29.31 20.18
Lithography

3.2 10 30 20 600 40 0.73 29.08 20.63
3.3 HW 10 254 254 507 40 0.72 29.91 21.45

Table3




